Abstract-A highly flexible, stacked, switch module is proposed, wherein multiple independent 1 × N wavelength selective switches (WSSs) can be realized on a single 4k liquid crystal on silicon device. The stacked WSS module can be configured in different ways for application at either the transit side or the add/drop side of a colorless, directionless, and contentionless (CDC) reconfigurable optical add/drop multiplexer (ROADM). Two ROADM architectures are proposed based on the stacked WSS modules. Their costs are analyzed for both a 4-deg network node and a larger 8-deg node. The first proposed ROADM architecture with full CDC features is shown to realize a cost reduction of at least 35% in these two test network nodes, when compared with the conventional CDC ROADM architecture based on the standalone WSSs and multicasting switches (MCSs). The second ROADM architecture proposed has a small probability of wavelength contention, which could be prevented by a local wavelength assignment algorithm. According to our cost estimation, we are able to aggressively reduce the number of components at the add/drop side and make an overall cost reduction of >70% and >80% in the 4-and 8-deg network nodes, respectively.
I. INTRODUCTION
R econfigurable optical add/drop multiplexers (ROADMs) [1, 2] have become the key building block for modern wavelength division multiplexing (WDM) optical networks. ROADMs are able to redirect the optical signals from any incoming direction of a network node to any of its outgoing directions on a per-wavelength basis, without the need for optical-electrical-optical (OEO) conversion. ROADMs with colorless, directionless, and contentionless (CDC) features also allow service providers to drop any wavelength channel from any direction to any local transceivers or add any wavelength channel from a local transceiver to any outgoing direction. Therefore, CDC ROADMs promise simplified network management and reduced operating expense.
The key enabling technology for ROADMs is the wavelength selective switch (WSS) [3, 4] . A typical WSS has one input fiber port and N output fiber ports. It can selectively route individual WDM input channels to any of the output fiber ports, according to the software configuration, which is remotely controlled by service providers. WSSs are widely used in ROADMs to redirect the wavelength channels from one degree to another.
In recent years, phase-only liquid crystal on silicon (LCOS) spatial light modulators (SLMs) [5] have become the technology of choice for WSSs, due to their software upgradable nature and support for flexible spectrum switching [6] . Efforts also have been made to improve the port count [7] [8] [9] , passband shape [10] , and static [11] [12] [13] [14] [15] and transient [16, 17] cross-talk levels in LCOS WSSs. WSSs are usually based on the "disperse-and-select" optical design [18] , where the WDM channels from the input port are diffracted along the dispersion axis at the LCOS plane before being switched to the target output ports by the subholograms displayed on the corresponding areas of the LCOS device. Due to the limited number of pixels available on the current generation of LCOS devices, anamorphic optics are invariably used to convert the input signals to elongated beams at the LCOS plane. The output ports are correspondingly arranged along a switching axis, which is orthogonal to the dispersion axis. Although such an approach is able to increase the port count in one axis, it fails to fully exploit the 2D nature of the LCOS pixel array. Moreover, for such a configuration, all the undesirable diffraction orders from LCOS quantization effects will also appear along this switching axis, which makes it fundamentally difficult to suppress cross talk, especially in WSSs with high port counts. In addition, the optical system for the WSS requires high alignment accuracy, which increases the unit cost [19] . We also have demonstrated that the LCOS device itself can be used to give alignment feedback [20] .
The add/drop side of the CDC ROADMs can employ M × N multicasting switches [20] , which pair an array of 1 × N splitters with another array of 1 × M space switches (SSs). Multicasting switches have high insertion loss, which would further increase as the ROADM node is expanded. Therefore, it is fundamentally difficult to scale.
The insertion loss and the scalability issue could be resolved by replacing the splitter array with a WSS array [21] . However, the relatively high unit cost and footprint of current-generation WSSs make this approach unattractive. Recently, a new architecture based on the contentionless M × N WSS [22] [23] [24] was proposed as a way of reducing the overall cost of the ROADM, although the M × N WSS used is complicated to construct and therefore is also costly. Thus, it is still unclear whether the benefits brought by CDC features can justify the extra complexity and cost of these CDC add/drop implementations.
In this paper, we propose low-cost CDC ROADM architectures based on a stacked WSSs design [25] . Because the stacked WSS design does not use anamorphic optics, it can utilize 2D beam steering and incorporate a large number of flexible spectrum 1 × N WSSs on a single 4k LCOS device. These WSSs would share a large portion of their optical components and have a common alignment procedure, leading to a lower unit cost and smaller footprint. This makes it economically viable to deploy large numbers of WSSs in a network node. This work details how to use the stacked WSS module in the transit and add/drop side of a CDC ROADM and describes the benefits it will bring. The costs of these implementations are analyzed and compared with conventional approaches based on multicasting switches and standalone WSS modules. Figure 1 shows the design principle of the M stacked 1 × N WSSs, which consists of an array of objective lenses (L A ), a relay system (L 1 and L 2 ), DEMUX optics (P g ), and an LCOS device. In this example, three independent 1 × 8 WSSs are stacked. Each WSS in this stacked design has a fiber array cluster, which consists of one input fiber port, N output fiber ports, and a corresponding microlens array. These clusters are arranged along the y axis, each acting as an independent WSS, with each input light beam illuminating a spatially distinct row of sub-holograms (e.g., S 1 , S 2 , and S 3 ). The input WDM channels are launched into each WSS via the central fiber of the corresponding cluster. The objective lens generates a beam waist of radius ω o at plane P o . The 4f relay system images this beam waist at the SLM plane (P SLM ). Between the relay lenses, a static grating (P g ) imparts an angular displacement of β G λ to each wavelength channel in the x-z plane. Signal beams associated with these wavelengths illuminate separate sub-holograms displayed on the LCOS device. The subhologram for a wavelength channel could be a grating of period T, orientated at an angle of φ with respect to the local xy-coordinate system, which diffracts the light beam such that it leaves the LCOS SLM with a propagation vector of kρ; φ; λ, where ρ is the angle of the vector with respect to the local z-axis. The diffracted beam is subsequently imaged at P o by the relay system. The objective lens in the output optics shown in Fig. 2 converts the propagation vector of a wavelength channel, kρ; φ; λ, to a beam position that is offset from the optical axis. The angle is controlled such that the beam is concentric with respect to the intended output fiber, thereby maximizing coupling efficiency, as shown in Fig. 2(a) . A secondary lenslet array, L F , focuses the wavelength channels into the output fiber array.
II. STACKED WSSS DESIGN AND COST ESTIMATION
Without using anamorphic optics, the number of pixels required along the y axis of the LCOS SLM is significantly reduced. A large number of independent WSSs can therefore be stacked together to fully exploit the pixel count of the LCOS device and share the common optics, i.e., the relay optics and the diffraction grating. Our previous work [25] has shown that it is possible to achieve high-accuracy beam steering by only allocating 50 × 50 pixels on the LCOS device for each 50 GHz channel within the C-band. By using a standard 4k LCOS device (such as the Jasper JD2704 with 4096 × 2400 pixels), the whole C-band can be covered. If a polarization-insensitive LCOS device [26] is used, 48 independent WSSs can be stacked along the y axis of a single chip in total. This stacked WSS architecture is also compatible with the polarization-diversity implementation proposed in [27] , where the beams from the two polarizations can share the same area on the LCOS device. Therefore, the number of WSSs that can be stacked along the y axis does not need to be halved for the polarization insensitive operation.
In the absence of anamorphic optics, the unmodulated input signal to each sub-hologram has a circular beam shape on P SLM , which is designed to cover 31 × 31 pixels and hence achieve the fourth-order super-Gaussian passband shape. The small number of pixels covered by the beam limits the maximum grating period to 10 pixels, which is larger than the minimum period of seven pixels required to realize sufficient switching efficiency and reasonably low cross-talk level for two switchable positions along a given axis. The circular beam on P SLM allows 2D steering, giving eight switchable output ports arranged on a Cartesian grid, as shown in Fig. 2(b) . The number of the switchable output ports can be further increased, given the same beam steering range, to 12 if the fiber ports are arranged in a hexagonal pattern, as shown in Fig. 2 (c).
It should be noted that the port count in each stacked WSSs can be further increased by using anamorphic optics to elongate the beams along the y axis on P SLM so that the number of switchable positions is increased along this axis, though the number of WSSs incorporated on an LCOS device will be reduced. It is realistic to expect to stack eight independent 1 × 32 WSSs in this way.
Efforts have also been made to estimate the cost of the stacked WSS module, which is still under development. According to [28] , the cost estimation of a WSS system was carried out based on the assembly and packaging complexity and the component costs. It is assumed that the assembly and packaging contribute to 40% of the cost of a standalone 1 × N WSS, while the remainder is due to the components. The component costs are primarily driven by the costs of the thermally stabilized phase-only LCOS device and the bulk optics, including the diffraction grating and relay lenses. Table I lists the estimated cost breakdown for individual components within a standalone 1 × N WSS. These values will be used as the reference in the following analysis of the overall cost of a stacked WSS module.
When compared with a conventional standalone 1 × N WSS, the component count in a stacked WSSs system remains the same, although the physical dimensions of certain components may need to be increased, to accommodate the larger number of WSSs. This implies that the stacked WSSs architecture will not necessarily introduce extra assembly steps. For example, the stacked WSS module will only require a single fiber array and one matched collimating microlens array. Individual WSSs in the module would share different sections of this clustered fiber array, as illustrated in Fig. 3 . Therefore, the required number of assembly steps is not linearly dependent on the number of stacked WSSs in the module. Moreover, the stacked WSS architecture does not impose more stringent alignment requirements with regard to the optical components, especially the fiber array cluster, which normally would have the tightest assembly tolerances. Therefore, in principle, a conventional assembly procedure can be employed during the construction of the stacked WSS module. Based on these factors, the authors estimate that the total assembly and packaging costs for the stacked WSS module would be similar to, or only slightly higher than, the assembly cost associated with a standalone 1 × N WSS module.
We also compared the complexity and dimensions of individual components in the stacked WSS module with their counterparts in a standalone 1 × N WSS module. First, the overall cost of the LCOS device and its temperature stabilizer is not expected to increase, considering all the stacked WSSs share the same LCOS device. The physical dimensions of the diffraction grating, however, are likely to increase substantially to accommodate the relatively larger incident beams at its plane. Consequently, it is assumed that its cost could be tripled based on the relationship between size and cost [29] . Depending on the number of stacked switches, optimization of the relay lenses may be needed to minimize the aberrations such as field curvature, which will have cost implications. However, it has also been recently demonstrated [30] that the aberrations in a WSS system can be compensated for by displaying a specially designed beam steering phase pattern on the LCOS device without incurring extra costs. The number of fibers and the corresponding microlenses need to be significantly increased. However, the polishing process contributes to a significant part of the fiber array cost. It is incurred on the per array basis instead of per fiber basis. Meanwhile, microlens arrays are manufactured on the wafer basis, which normally promises good scalability. Therefore, we believe that the costs of both components will scale favorably against the fiber count.
Based on this analysis, the estimated cost breakdown of the stacked WSS module at the standard component level is given in Table I , with the reference to that of a standalone WSS module. As the overall costs are sensitive to the cost increase of individual components, a more conservative estimation with higher costs is also given in the same table. By assuming the cost uncertainty of each component is the same for all different WSS configurations, the cost sensitivity and uncertainty of the stacked WSS module can be established by using Table I . This will in turn help to establish the cost sensitivity of the CDC ROADM architectures to the cost of the stacked WSS module. In both cost scenarios for the stacked WSS, the extensive sharing of the components and alignment costs between WSSs in the stacked WSS module significantly reduces the cost, both per WSS and per port.
III. STACKED WSSS FOR ROADM TRANSIT
The stacked WSS architecture significantly reduces the cost and footprint per WSS and per port. Therefore, it opens the possibility of implementing cost-effective ROADM architectures that employ a large number of WSSs. This section will detail how a CDC ROADM can benefit from the stacked WSS module. Figure 4 shows the transit side of a ROADM based on the "route-and-select" architecture, which interfaces the local add/drop side. The transit side of a ROADM is responsible for redirecting the WDM channels from one direction to another. In this architecture, the incoming WDM channels from a network direction will pass through a couple of paired 1 × N WSSs. The first 1 × N WSS routes the signals to the destined direction, while the second multiplexes the signals together with those from other directions for further transmission. Although it is possible to replace the 1 × N WSS (used in reverse) at the exit side of each direction with a 1 × N coupler to realize the same routing functions, the 1 × N WSSs provide better channel isolation and lower insertion loss, especially in a multidegree ROADM.
For an R-degree ROADM based on this architecture, each direction requires two 1 × N WSSs; therefore, 2R 1 × N WSSs are required in total. For each 1 × N WSS, the port count N needs to be at least R, i.e., (R − 1) ports to be connected with WSSs for other directions, while at least one port is reserved for the add/drop interfaces. For the example of a 4-deg ROADM node shown in Fig. 4 , eight 1 × N WSSs are required, where N needs to be at least 4. Moreover, it is common in modern networks that more than one fiber is bundled together to link two network nodes. In other words, the network node needs to be able to interface the parallel fibers from the same direction. Normally, multiple ROADMs are needed to handle these fibers.
The stacked WSS module proposed in the previous section could be used here to replace all the standalone WSSs within a single ROADM. This highly integrated solution will be able to realize the "route-and-select" switching features at lower cost and footprint. In this case, however, the stacked WSS module also would become a single point of failure. If the LCOS device for the stacked WSS module failed, the fibers for all the directions that are connected to this stacked WSS module would become unavailable. Although the protection scheme in [22, 23] could be put into place to avoid this situation, the extra components required would increase the complexity and cost.
Instead of using a stacked WSS module to handle all the wavelength-level routing within a single ROADM, we propose to use the stacked WSSs to interface with the parallel fibers entering or exiting a network node from the same direction. The parallel fibers are normally bundled together and therefore potentially cause a single point of failure issue as well. Network operators have already had protection schemes in place to avoid the loss of traffic. As a result, the stacked WSS module, when being used to handle such parallel fibers entering or exiting a network node, will not introduce extra risk of failure from the perspective of the whole network system. We therefore believe that such an approach is a more sensible way to exploit the benefit of a stacked WSS module.
Note that in some application scenarios, the ability to route wavelengths from any fiber pair, to any fiber pair, is provided within today's deployed multidegree ROADMs by using an independent degree assigned to each fiber pair. In that case, the number of degrees in the ROADM is effectively multiplied by the number of fiber pairs. This would require the individual WSS at the transit side to have a high port count. As long as the stacked WSSs have a high enough port count, there should be no problem to support such a multidegree ROADM architecture.
IV. STACKED WSSS FOR CDC ADD/DROP IN ROADM
The current commercially available CDC add/drop solution for ROADM is based on the M × N multicasting switch, in which an array of M 1 × N splitters/couplers is paired with another array of N 1 × M space switches. In the example shown in Fig. 5 , M 4 and N 16. M × N multicasting switches are designed for an M-degree network node and are able to add N wavelength channels to the network node in a CDC fashion or vice versa. In this architecture, the insertion loss from the 1 × N splitters/couplers alone will be at least −10 log 10 1∕N. Even for a few-degree network node, where the number of wavelength channels that need to be added or dropped is low, an array of amplifiers is needed to compensate for the loss and maintain a good optical signal-to-noise ratio (OSNR). Tunable filters would also be required by the transceivers at the drop side, as shown in Fig. 5(b) , if the transceivers do not have coherent detection capability, as the multicasting switch itself does not have a filtering function. Given the high cost of tunable filters, especially those compatible with the flexible spectrum standard, it would only be cost effective to deploy CDC add/drop solutions based on the multicasting switches in conjunction with the transceivers with the coherent detection capability.
In a typical node, each input fiber carries 80 wavelength channels, and 20% of them are dropped for local processing. As a result, N drop M × N multicasting switches are required for the CDC drop operation in an R-degree ROADM node, where N drop R × 80 × 0.20∕N. Accordingly, the port count of the 1 × N WSSs used in the transit side will be R N drop − 1. Considering that the same number of channels also needs to be added to the network node for further transmission, the equivalent number of M × N multicasting switches will be required for the CDC add operation. Due to the high loss of the M × N multicasting switches, an array of M amplifiers needs to be placed at the interface between each multicasting switch and the transit side of the ROADM. In total, two M × N drop amplifiers are required for the CDC add/drop operation, increasing CAPEX and OPEX for the node.
As shown in Fig. 6 , the scalability issue associated with the M × N multicasting switches can be resolved by replacing splitters/couplers with an array of 1 × N WSSs because the insertion loss of 1 × N WSSs does not scale with the port count as it does for 1 × N splitters/couplers. When the 1 × N WSSs and 1 × M space switches are paired in this way, they constitute a contentionless M × N wavelength cross-connect (WXC), which is a CDC add/drop solution. Such WXCs will typically have an insertion loss of 7 dB, i.e., 6 dB from the WSSs and 1 dB from the space switches. On top of the 6 dB insertion loss of the WSSs in the transit side of the ROADM, a total loss of 13 dB is expected for the added or dropped wavelength channels. This is still well within the typical power budget of 18 dB for a CDC ROADM. As a result, it is no longer necessary to dedicate an amplifier array at the interface between the transit side and add/drop side. In addition, this CDC drop architecture is compatible with transceivers based on direct detection because the WSSs can carry out the necessary filtering function before the signals reaching the transceiver. Although this CDC add/drop approach is traditionally associated with the high cost and large footprint, the stacked WSS design proposed enables it to be implemented with a single module, with minimum increase in cost or footprint.
The stacked WSS module can be further configured as a WXC itself. WSSs can be used to construct six independent 4 × 4 WXCs, three independent 8 × 8 WXCs, or a single 12 × 12 WXCs. These WXCs could be used as an integrated CDC add/drop module for a ROADM. The 12 × 12 WXC configuration is able to interface with a large network node with up to 12 deg. However, the number of wavelength channels that can be added or dropped is still limited in both cases. To solve this problem, a "static" CDC architecture was proposed in [28, 31] . In this "static" CDC architecture shown in Fig. 8 , the WXC is connected to another array of 1 × N splitters/couplers, which increases the number of wavelength channels that could be added or dropped by N times. The 1 × N splitters/couplers used in this "static" architecture may cause wavelength contention because channels at the same wavelength cannot be added/dropped through the same 1 × N splitters/couplers. However, this wavelength contention can be prevented by the control software, as long as the number of parallel 1 × N splitters/couplers in the array exceed the degree count (R) of the network node. In fact, only R signal channels at the same wavelength can be possibly added or dropped in an R-degree network node because the fiber for each degree cannot carry two signal channels at the same wavelength. Therefore, signal channels at the same wavelength can be assigned to different 1 × N splitters/couplers with minimum impact on the connectivity. Previous studies [28, 31] also suggest that the wavelength contention performance in this architecture is comparable with the full CDC solution.
V. COST ANALYSIS
This section carries out a cost analysis for the ROADM architectures described in the previous sections. Network nodes of two different sizes are used in this study. The smaller node has 4 deg, from each of which four parallel fibers are entering or exiting, respectively. In the case of the larger node with 8 deg, the number of parallel fibers is also doubled to eight. An add/drop ratio of 20% is assumed in both cases.
The cost of the conventional CDC ROADM based on the standalone WSSs and MCSs is used as the benchmark for comparison. When 4 × 16 MCSs are used in this architecture, four such MCSs are required to add 64 wavelength channels to the 4-deg network node. The same amount of MCSs are required for the drop operation. Correspondingly, eight 1 × 7 WSSs are needed at the transit side. For the seven ports of each WSS, three of them are connected to WSSs for other degrees, while the remaining four ports are connected to the corresponding four 4 × 16 MCSs at the add or drop side. We could deploy WSSs with a larger port count in this case, and the extra ports will be reserved for future expansion. In order to accommodate the parallel fibers, multiple such ROADMs need to be deployed. It should be noted that signals can only be routed between fibers connected to the same ROADM in this case. For a 4-deg node, 32 WSSs are required at the transit side and 32 4 × 16 MCSs are required for the add/drop in total. Considering that each 4 × 16 MCS also requires four amplifiers, 128 amplifiers are required. In the case of the 8-deg node, 8 × 16 MCSs should be used instead, and each of them requires eight amplifiers to compensate the insertion loss. In total, we need 128 8 × 16 MCSs, 1024 amplifiers, and 128 1 × 20 WSSs (seven ports for other degrees, eight ports for MCSs, and five ports for future expansion).
The first type of ROADM we are going to analyze is based on a stacked WSS in the configuration of eight independent 1 × 32 WSSs. It will be referred to as "Architecture I" in this section. At the transit side, each stacked WSS module will be dedicated to the parallel fibers entering or exiting the network node at each degree. For example, the four parallel fibers entering the 4-deg node from the east will share four out of eight stacked 1 × 32 WSSs in a stacked WSS module, while the other four WSSs within this module are for the exiting fibers. In the case of the 8-deg network node, the eight parallel fibers can fully exploit the WSSs within one module. As a result, four such stacked WSS modules are required for the 4-deg node and 16 for the 8-deg node. At the add/drop side, the four 1 × 32 WSSs will be paired with 32 1 × 4 space switches to realize a contentionless 4 × 32 WXC, which can be used in the 4-deg node. In total, 16 such WXCs will be needed. These WXCs can be constructed from eight stacked WSS modules and 512 1 × 4 space switches. In the case of an 8-deg network node, eight 1 × 32 WSSs should be paired with an array of 32 1 × 8 space switches in order to realize an 8 × 32 WXC. Since 64 such 8 × 32 WXCs are required to achieve the target add/drop ratio, this architecture will need 64 stacked WSS modules and 2048 1 × 8 space switches. The WXCs in either 4 × 32 or 8 × 32 configuration are expected to have an insertion loss of 7 dB, which is significantly lower than the 15 dB insertion loss level in the MCSs. Therefore, the WXCs may no longer need amplifiers to compensate for the loss. Even if the amplifiers are still required, these amplifiers could operate at lower amplification or share the pump laser, which would reduce their unit cost.
The second type of ROADM, whose architecture will be referred to as "Architecture II" in this section, is based on the "static" CDC structure described at the end of Section IV. The arrangement of stacked WSS modules at the transit side for both network nodes is kept the same as that in Architecture I. At the add/drop side, the 48 stacked 1 × 12 WSS modules are used instead. In the case of a 4-deg node, a module of 48 stacked 1 × 12 WSSs can be used to construct six independent contentionless 4 × 4 WXCs. Such a WXC can be subsequently connected to an array of four 1 × 16 splitters/couplers to realize a 4 × 64 WXC unit. This WXC unit is able to add the 64 wavelength channels required for this network node. A second 4 × 64 WXC can be constructed in this way using the second 4 × 4 contentionless WXCs based on the same stacked WSS module for the drop operation. Each 4 × 64 WXC will also need four amplifiers. It is further worth mentioning that, in this case, there are still four 4 × 4 WXCs within this stacked WSS module available for future expansion. In other words, we choose not to use these WXCs for the parallel fibers in order to avoid a potential single point of failure. In total, this 4-deg network node with four parallel fibers requires four stacked WSS modules, 32 1 × 16 splitters/couplers, and 32 amplifiers. In the case of the 8-deg node, the 48 stacked 1 × 12 WSS module is used to construct three independent contentionless 8 × 8 WXCs, two of which will be used in conjunction with 1 × 16 splitters/couplers for add/drop operations. In total, eight stacked WSS modules, 128 1 × 16 splitters/couplers, and 128 amplifiers are required for the "static" CDC add/drop operation.
The cost breakdown for each architecture is calculated, and results for the 4-and 8-deg network nodes are detailed in Tables II and III , respectively. The same information is plotted in Figs. 9 and 10 to assist the readers' understanding. The cost of each key component is based on the values listed in [27] . They are referenced to a standalone 1 × 20 WSS. Our cost analysis for the stacked WSS module detailed in Section II used the same reference point. The values in the brackets are based on the conservative version of our cost estimation for a stacked WSS module.
It can be seen from the results for the 4-deg node shown in Table II that both ROADM architectures based on the stacked WSS module lead to 48% and 74% cost savings, respectively, when compared with the benchmark architecture based on the standalone WSSs and MCSs. Even based on the conservative version of our cost estimation, the two proposed ROADM architectures are able to deliver 41% and 70% cost reductions. In the transit side, ∼80% cost reduction was realized by using stacked WSS modules for the parallel fibers in both architectures, with either cost estimation scenario. At the add/drop site, a modest cost saving of 12% and a more substantial saving of 67% were observed in the two proposed architectures, respectively, if the standard cost estimation for the stacked WSS module is used. The cost saving at the add/drop site of Architecture I is mainly due to the use of low-cost amplifiers, which is made possible by using the more efficient stacked WSSs instead of the passive splitters/couplers. However, the cost saving becomes more marginal if using the conservative version of the cost estimation for the stacked WSS module. It should be noted that the lower optical losses associated with this architecture will help to reduce the power consumption and therefore the OPEX of the ROADM. Moreover, the add/drop structure used in this architecture has wavelength filtering features, which makes it compatible with low cost transceivers based on the direct detection technology. Meanwhile, Architecture II, with its "static" add/drop features, halves the required number of stacked WSS modules and amplifiers, at the cost of a marginal increase in the contention probability. In addition, the cost reduction is less sensitive to the costs of the stacked WSS module. Table III shows that the proposed ROADM architectures are able to reduce the cost to a greater extent in the larger 8-deg network node. At the transit side, the a Values in brackets are based on the conservative version of the cost estimation in Table I . architectures based on stacked WSS modules reduce the cost by ∼80%, when compared with the benchmark architecture based on the standalone WSSs with either cost estimation scenario. At the add/drop side, the cost saving in Architecture I is increased to 21% or 11%, depending on the versions of the cost estimation for the stacked WSS module. Again, the cost reduction is primarily driven by the use of low-cost amplifiers, which are enabled by stacked WSSs. Overall, Architecture I is able to deliver a 42% or 33% cost reduction, depending on the cost estimation for the stacked WSSs. Architecture II achieves >85% cost reduction at the add/drop side in either cost estimation scenario. The use of 1 × 16 splitters/couplers in this architecture substantially reduces the required number of stacked WSS modules and amplifiers. The total cost of Architecture II is less dependent on the cost of the stacked WSS module: It is able to realize ∼85% cost reduction in both cases.
VI. CONCLUSION
This paper presents a stacked WSS module, in which multiple 1 × N WSSs can be realized on a single 4k LCOS device by utilizing 2D beam steering. The stacked module can be designed with a degree of flexibility to either maximize the number of stacked WSSs, e.g., 48 1 × 12 WSSs, or to realize fewer WSSs with higher port count, e.g., eight 1 × 32 WSSs. The cost of the stacked WSS module is estimated based on its assembly complexity and component cost. This stacked WSS module would significantly reduce the cost and the footprint, both of each WSS and each port, due to the extensive sharing of the components and packaging.
The availability of large quantities of low cost WSSs enables the application of multiple WSSs in a ROADM in an economically viable way. Two ROADM architectures based on the stacked WSS modules are proposed. At the transit side of both ROADM architectures, the stacked WSS modules interface the parallel fibers entering or exiting the network node from the same direction, without causing the risk of an additional single point of failure. At the add/drop side of Architecture I, the stacked WSS modules are connected to space switch arrays to construct contentionless WXCs for CDC add/drop. Compared with the benchmark solutions based on MCSs, this design has lower insertion loss and better scalability and is also compatible with transceivers based on direct detection technology. At the add/drop side of Architecture II, the contentionless WXC is constructed by pairing the WSSs within a single stacked module. The relatively small size of this WXC is addressed by connecting an additional array of splitters/couplers. Although the use of splitters/couplers introduces a small probability of contention, this can be prevented by the wavelength assignment algorithm, while the required number of stacked WSS modules and amplifiers is significantly reduced.
A cost analysis has been carried out for the two proposed ROADM architectures in the 4-and 8-deg network nodes, respectively. The results show that Architecture I, based on the stacked WSSs, brings ∼40% cost savings in both network nodes, when compared with the benchmark ROADM architecture based on the MCSs. The cost saving in Architecture I is mainly due to the use of the stacked WSS module at the transit side of the ROADM. The usage of stacked WSS modules at the add/drop site can only lead to moderate cost reduction, which is also sensitive to the estimated cost of the stacked WSS module. However, the stacked WSS modules will halve the number of required amplifiers and enable them to operate at lower amplification level. This will leave a positive impact on the OSNR and OPEX.
The cost savings brought by proposed Architecture II are larger and increase with the network node size: a >70% cost reduction in a 4-deg node is increased to ∼85% in an 8-deg node. It should be noted that the splitters/couplers used in Architecture II potentially cause wavelength contention within individual splitters/couplers. However, this does not prevent all the signal channels at the same wavelength to be dropped from or added to the network node simultaneously. In addition, the number of amplifiers at the add/drop side is significantly reduced. This would further reduce the power consumption and the OPEX.
